Abstract: We numerically found that an intracavity nonlinear absorber (saturable absorber or reversed saturable absorber) plays a crucial role in the formation of dissipative bright or dark solitons in a fiber laser. The operation of an all-normal-dispersion fiber laser could evolve from a bright-soliton emission state to a black-soliton emission state, purely by changing the intracavity nonlinear absorber from a saturable absorber to an antisaturable absorber. Our simulation results are well supported by the experimental observations. The result suggests a new way to control the dissipative soliton operation of lasers and deepens our understanding of the properties of dissipative solitons.
Introduction
The nonlinear Schrödinger equation (NLSE) admits stable self-localized solutions, known as solitons, both in the positive and negative group velocity dispersion (GVD) regions [1] - [4] . A NLSE soliton has the characteristic that it preserves its amplitude profile during propagation as a result of the balance between dispersion and nonlinearity. While a NLSE soliton formed in the negative GVD region has a bell-shape intensity profile, known as a bright soliton, the ones formed in the positive GVD region display as a sharp intensity dip on a plane-wave background. Such a soliton is known as a dark soliton. The NLSE dark solitons were first experimentally verified by Emplit et al. in 1987 [5] . Considering that the NLSE bright and dark solitons form in the complementary GVD regions, it seems impossible that both a bright and a dark soliton form in the same fiber laser with identical configuration.
Stable localized solutions could also be found in equations describing the dynamics of nonlinear dissipative systems. The solitons are called dissipative solitons as in the systems energy intake and dissipation play an important role on the soliton formation. A passively mode-locked fiber laser is a typical dissipative system that admits dissipative soliton formation. In a fiber laser, in addition of the dispersion and nonlinearity, there are linear and nonlinear losses, gain and gain bandwidth filtering, and mode locker, etc., and the mutual interaction and balances among them lead to the formation of dissipative solitons [6] . Different from the NLSE solitons, a dissipative bright soliton can be formed either in the negative GVD or the positive GVD region. The formation of dissipative bright solitons in the positive GVD region of fiber lasers has been intensively studied previously [7] . Moreover, the formation of dark solitons in the positive dispersion fiber lasers was also experimentally confirmed by Sylvestre et al. and Zhang et al. [8] , [9] . It shows that a positive GVD fiber laser is capable of generating either dark solitons or dissipative bright solitons.
Although ubiquitous in a wide range of nonlinear systems such as plasmas and Bose-Einstein condensates, a thorough investigation on the generation and conversion of the bright and dark solitons remained untouched. In addition, from the laser physics point of view, despite of the fact that passive mode locking of lasers has been extensively studied [10] , there are still features of the lasers that are not fully understood. Worth of mentioning here that Chouli et al. have correlated the existence of soliton rains with the weak mode-locking of a laser [11] ; Feng et al. reported experimental observation of dark pulses in a mode-lock quantum dot semiconductor laser [12] , and Ablowitz et al. reported a theoretical model on the dark soliton formation in a mode-locked laser [13] ; Schroeder et al. reported the generation of bright or dark pulses in a laser as the cavity dispersion is tuned from the negative to positive GVD with the help of a spectral pulse-shaper [14] , and Feng et al. recently reported the generation of bright or dark pulses in a nonlinear polarization rotation (NPR) mode-locked laser [15] ; Zhao et al. generated dark pulses and Q-switched pulses in an ytterbium-doped fiber laser [16] ; Kelleher et al. reported the existence of dark soliton-like structures in ultra-long mode-locked fiber lasers [17] . Is the dark pulse generation related to the mode locking of the lasers? Based on laser physics, the synchronization of longitudinal cavity modes would only give rise to the bright pulses rather than dark pulses [18] . In [17] , it is reported that during the dissipative bright solitons' evolution in a mode-locked fiber lasers, a large number of incoherent dark solitons spontaneously emerge from the initial noise. Meanwhile, we also note that dark soliton generation in fiber lasers without mode-locking was also reported [19] - [21] .
In studying the dynamics of dissipative solitons, various passive mode-locking techniques have been employed, such as semiconductor saturable absorption mirrors (SESAMs) [22] - [25] , nonlinear optical loop mirrors [26] - [28] , carbon nanotubes [29] - [31] , graphene [32] , [33] , topological insulator [34] , [35] , and the nonlinear polarization rotation (NPR) method [36] - [40] . Theoretically the formation of dissipative solitons in mode-locked fiber lasers is modeled by the complex Ginzburg-Landau equation (GLE), which is an extension of the nonlinear Schrödinger equation to include the effects of gain and losses, and the saturable absorption, etc. [41] - [45] . So far, the dissipative bright solitons have been extensively investigated and dissipative dark soliton in plasma was also discussed in [46] , while the formation of dissipative dark solitons in fiber lasers has not been addressed. In this paper, based on the operation of an all-normal dispersion fiber laser that has a typical NPR mode locking cavity configuration, we numerically show that depending on the setting of the linear cavity phase delay bias (LCPDB), the same laser could operate in different modes: either in CW emission, dark soliton emission, or bright soliton emission. In a NPR mode locking fiber laser the LCPDB is changeable through turning the orientation of the intra-cavity polarization controller. It is now well known that in fiber lasers, the combined action of the NPR of light in the cavity and an intracavity polarizer could lead to the formation of an artificial nonlinear optical absorber, and depending on the setting of the LCPDB, this artificial absorber could have either weak or strong saturable absorption (SA) or reversed saturable absorption (RSA), respectively [47] . We show numerically that the different modes of the laser operation are related to the different features of the artificial absorber.
Results of Numerical Simulations
In a previous paper [48] , we proposed a technique to numerically faithfully simulate the operation of a NPR mode locking fiber laser. Here we will base on an actual fiber laser configuration to highlight the technique. Generally, we start the numerical simulation with an arbitrary weak light signal. We let the light propagate in the laser cavity. The light propagation in the weak birefringent cavity fibers is described by the coupled complex Ginzburg-Landau equations (GLEs)
where u and v are the envelopes of the light along the two orthogonal polarization axes of the cavity fibers. ¼ =L b ¼ Án= accounts for the birefringence, and L b is the beat length. The group velocity mismatch is given by ¼ =2c. The second and third order dispersion coefficients are given by k 00 and k 000 , respectively, is the nonlinear coefficient. g is the saturable gain coefficient, and g is the spectral bandwidth of the gain. For a non-doped fiber g ¼ 0. Gain saturation of the doped fiber is considered by equation (2), where G is the small signal gain, and E sat is the gain saturation energy.
We used the standard split-step Fourier method to solve the GLEs. To this end a simulation window with a length of 100 ps together with the periodic boundary condition is used. We model the cavity components, such as the output coupler and intracavity polarizer, with their transfer matrix. Whenever the light meets an intracavity component, we multiply the light with the transfer matrix of the component. After one roundtrip of the light propagation in the cavity, we then use the final result of the light field as the input for the next roundtrip calculation. The procedure will repeat until a steady state is obtained. We consider that the steady state obtained is one of the possible laser operation states experimentally observed. With the technique we have reproduced almost all the experimental phenomena observed in our fiber lasers, including the dissipative soliton formation and the dark soliton formation [8] , [25] .
We will consider a fiber laser with the following cavity configuration: the fiber cavity is made of two types of optical fibers: 5 m erbium doped fiber (EDF) with a GVD parameter of −32 (ps/nm)/km and a total length of 170 m dispersion compensation fiber (DCF) with a GVD parameter of −4 (ps/nm)/km, and the orientation of the intra-cavity polarizer (analyzer) to the fast axis of the weakly birefringent fiber: We have numerically studied the operation of the above fiber laser under various LCPDBs: Á' b . To possibly excite complicate laser dynamics we have fixed the small signal gain coefficient at G ¼ 3000 km À1 in our simulations. Fig. 1 shows the laser operation mode change with the LCPDB settings numerically obtained. It shows that through simply varying the LCPDB the laser operation could be switched from CW operation to the black soliton emission, to the dissipative soliton emission, and back to CW emission. Fig. 2 further illustrates the typical temporal and spectral profiles of the laser emission under different operation modes. When the LCPDB is selected in the range from 0.1 to 0.7, the laser emits in a CW state, as shown in Fig. 2 
(a) and (d).
When LCPDB is in the range of 0.8 to 1.03, the laser operates in a black soliton emission state, as shown in Fig. 2(b) and (e). The black solitons have a pulse width of ∼3.1 ps, and a 3 dB spectral bandwidth of 0.3 nm. However, as the LCPDB becomes larger than 1.03, the fiber laser operation switches to the dissipative bright soliton emission state, as shown in Fig. 2(c) and (f). The spectrum of the laser emission has the characteristic steep spectral edges with a 3 dB spectral bandwidth of 15.3 nm. The dissipative bright soliton has a pulse width (FWHM) of 2.4 ps. The time-bandwidth product of the pulses is about 4.59, indicating that they are chirped solitons. Further increasing the LCPDB from 1.04, the output intensity of the laser will grow slowly until Á' b ¼ 1:2. Afterward it gradually decreases, as shown in Fig. 1 . Eventually, a broad bright pulse with low intensity is obtained at Á' b ¼ 1:9. If LCPDB is further increased from 1.95 to 2.0, the laser emission is again CW.
The dissipative bright soliton operation of the fiber laser has been extensively investigated, and the features of the laser operation are well understood. Therefore, we will focus on the dark soliton operation of the fiber laser. It is numerically found that as the LCPDB ðÁ' b Þ is set in the range of 0:8 $ 0:97, a single black soliton is always obtained. Moreover, the black soliton obtained under different LCPDBs has nearly identical soliton parameters: the pulse width remains ∼3.1 ps which is independent on the LCPDB change. In the range of 0:98 $ 1:03, the single black soliton is no longer stable. It breaks up into multiple black solitons.
We emphasize that the different modes of laser operation are the intrinsic feature of the laser under the particular LCPDB setting. This feature of the fiber laser enables the conversion of a bright dissipative soliton to a black one and vice versa in the same laser. To demonstrate it, we have numerically simulated the operation of our fiber laser initially at the LPCDB ¼ 0:9, where a stable black soliton with a pulse width of 3.1 ps and 3 dB bandwidth of 0.3 nm is formed. We then adjusted the cavity LCPDB to 1.7 with the black soliton as the input. The black soliton is quickly reshaped to a dissipative bright soliton after only 100 rounds, as is shown in Fig. 3 . When we do it reversely, after 2500 rounds, a stable bright pulse with pulse width of 2.4 ps and 3 dB bandwidth of 15.3 nm is shaped into a black soliton with a pulse width of 3.1 ps and spectral bandwidth of 0.3 nm, as shown in Fig. 4 . The result also indicates that in the fiber laser a bright soliton state is much easier to obtain than a black soliton state. 
Discussion
The numerical simulations clearly show that in the same fiber laser, depending on the LCPDB setting either the bright dissipative soliton emission or the black soliton emission could be obtained. Previous studies have shown that the formation of the bright dissipative solitons is related to the passive mode locking of the fiber laser. Due to the existence of the artificial saturable absorber in the cavity under the particular LCPDB setting, passive mode locking occurs in the laser. Mode locking results in the formation of strong optical pulses. The nonlinear shaping of the pulses in the cavity further turns the pulses into dissipative bright solitons. However, the formation mechanism of the black solitons in the fiber laser is not clear. Based on the NLSE it is expected that dark solitons should be able to be formed in an all-normal dispersion cavity fiber laser, but why only in a certain LCPDB setting could the black solitons be formed? What is the role played by the gain and the nonlinear absorber in the fiber laser? All these questions are still unclear. To answer the questions, we further studied the relation of the LCPDB settings to the artificial saturable absorber formed in the cavity.
We note that the cavity transmission of a fiber laser with the NPR mode locking configuration is determined by [47] 
where and ' are the angle of the intracavity polarizer (analyzer) formed with respect to the fast axis of the cavity birefringence, Á' l is the linear cavity phase delay due to the fiber birefringence, Á' b is the LCPDB, and Á' nl is the nonlinear cavity phase delay (NCPD) caused by the light propagation over one roundtrip in the cavity. With the , ' fixed at the values used in the simulation, the linear cavity transmission coefficient with the LCPDB is shown in Fig. 5 . Considering that the NCPD is negative and generally is a very small value, we have also draw the cavity transmission curve under existence of a weak NCPD in the same figure. It becomes clear that depending on the LCPDB setting, under existence of NPR the nonlinear cavity transmission would either increase with the light intensity or decrease with it, or in another word, the artificial intracavity absorber could either behave as a saturable absorber or a reverse saturable absorber. Specifically, in the range of LCPDB from 0.1 to 1.03, it is an anti-saturable absorber, while in the range of 1.04 to 2 it is a SA. The result suggests that the black soliton generation is related to the reverse saturable absorber. Because the saturable and reverse saturable absorption of the artificial absorber is implied by (3), it is difficult to clearly see their effects on the dark or bright soliton formation, and full simulations like Fig. 3 are time consuming, which is difficult to calculate with large parameter space. Therefore, in the following simulation, we use an averaged mode which can be calculated much faster to study how SA or RSA works in our fiber lasers. It should be noticed that the following simulation is mainly for illustration purpose, so the cavity parameters are not necessarily matched with experimental parameters, not like that in Figs. 3 and 4 , and we have also calculated with different parameters to make sure that we can get similar results. According to [48] , a fiber laser mode locked by NPR method can be reduced to a quintic complex GLE. So to make the artificial absorber's effects straightforward, we further use the averaged equation model of the fiber laser [49] 
The parameters used in the equation have the same meanings as those used in (1), however, it is to bear in mind that they are averaged over the cavity length. The first term on the right hand represents the artificial SA if " is positive, and the second term represents the artificial RSA caused by overdriven of effective SA if is negative. The values of " and can be set to be arbitrary values according to [49] . We used the following parameters for the simulation: the cavity length is 20 m, the nonlinear fiber coefficient ¼ 3 W À1 km À1 ; gain bandwidth g ¼ 40 nm; averaged fiber dispersions: 2 ¼ 6:24 ps 2 =km, the cavity output ¼ 10%, E sat ¼ 6:6 pJ.
First we set " ¼ 3 W À1 km À1 and ¼ À9 W À2 km À1 , with these values the dominant artificial absorber is RSA. In our simulations we start with an initial condition that is two bright pulses similar to that in Fig. 4 . Due to the period boundary condition used in our simulations, these two initial pulses, in fact, represent a pulse train with repetition of 40 GHz, and our previous works have proved that even without mode-locked components stable pulse trains still exist in fiber lasers [20] , [50] . Therefore, such initial situation can be realized in practice. The results are shown in Fig. 6 , we show the evolution of two initial bright pulses in Fig. 6(a) and intensity and phase profile after 2000 round trips propagation. As can be seen, similar to Fig. 4 , two bright pulses quickly vanish and several grey pulses and one black pulse appear in the subsequent cavity round trips. However, due to the effect of RSA the grey pulses could not become grey solitons. They eventually vanish after hundreds of cavity roundtrips. On the contrary, the black pulse is hardly affected by the RSA. Comparing Fig. 6 with Fig. 4 , it is easy to understand why when LCPDB ¼ 0:9, a black soliton was formed in the numerical simulation. We can tell that the seed of black solitons are interference between two pulses while the stabilization and selection of black solitons are contributed by RSA. We stress that the RSA can suppress all gray solitons' formation in the cavity, only black solitons can exists, i.e. a selection function. Without RSA, the formation of dark solitons are thresholdless and gray solitons with different depth, width and also velocity will coexist and make the output of lasers too complex to be analyzed [51] . We also show the phase profile of the black pulse after 2000 round trips propagation, we can see clearly that there is phase jump which indicates the resulted black pulse is black soliton.
We then set " ¼ 3 W À1 km À1 and ¼ À0:9 W À2 km À1 ; with these values, the dominant artificial absorber is SA. We start the simulation with two black pulses. We set large values of " to simulate the strong mode-locking region. The result in Fig. 7(a) is similar to that of Fig. 3 , indicating that when LCPDB ¼ 1:7, the NPR is equivalent to a strong SA. With strong SA the black pulses vanish fast, and a new bright pulse is obtained. The bright pulse keeps its shape and can be regarded as a bright soliton.
Finally we set " ¼ 3 W À1 km À1 and ¼ À5:4 W À2 km À1 , the RSA is still dominant while have smaller value. Different with Fig. 6 , we start the simulation with two adjacent black pulses. We get interesting results shown in Fig. 7(b) . We can see in Fig. 7 (b) that two adjacent black pulses attract each other and finally form a stable bound state. Such bound state was predicted in [51] and is a natural results of quintic CGLE with certain values of " and . The resulted intensity profile shows clearly the bound state form like in [52] . This simulation result may explain why in our experiments black pulses with large width are always obtained, which will be discussed in the following part. Above all, the simulation results could well explain the formation of different soliton states and their relation to the features of the intracavity nonlinear absorber.
Experimental Observations
Our numerical simulations show that as the LCPDB is changed, a NPR configuration fiber laser could switch from a black soliton emission state to a bright dissipative soliton emission state, and the physical mechanism behind it is the intracavity artificial absorber changed from a reverse saturable absorber to a saturable absorber. To confirm the numerical results, we constructed an erbium-doped fiber ring laser with the NPR cavity configuration [8] and experimentally investigated its operation. To possibly match the conditions of numerical simulations, the fiber cavity was made with 5 m normal dispersion EDF that has a group velocity dispersion parameter of −32 ps/nm/km and a total length of 170 m DCF that has a GVD parameter of −4 ps/nm/km. A polarization dependent isolator was inserted in the cavity to force the unidirectional operation of the fiber ring. The polarization dependent isolator also acted as an intracavity polarizer, forming together with the fiber ring cavity an artificial absorber in the cavity. An in-cavity polarization controller (PC) was used in the cavity to fine tune the linear cavity birefringence, thus changes the LCPDB. A fiber coupler with an output ratio of 10' was used to emit the optical signal, and the laser is pumped by a high power Fiber Raman Laser source of wavelength 1480 nm with maximum pump power up to 5 W. The emission of the laser cavity was simultaneously monitored by an optical spectrum analyzer and a 5 GHz oscilloscope together with a 2 GHz photo-detector. A commercial auto-correlator was used to measure the pulse width of the dissipative solitons. The total cavity dispersion is estimated 1.092 ps 2 /km. We operated the fiber laser at an intracavity power of ∼300 mW. Experimentally it was found that by solely changing the orientations of the intracavity polarization controller, three different emission states as shown in the numerical simulations could always be obtained. Fig. 8 shows the three typical laser emission states experimentally observed. At an appropriate LCPDB setting the self-started mode locking of the fiber laser was achieved. After the mode locking, the laser then emitted a stable train of bright pulses. The pulses repeated with the fundamental cavity repetition rate. The autocorrelation measurement, as shown in the insert of Fig. 8(f) , shows that the pulses have a pulse width of ∼8.4 ps. As the optical spectra of the pulses have the typical characteristics of the dissipative bright solitons, the state is identified as a dissipative soliton emission state. Fixing all the other laser parameters but only tuning the LCPDB, the laser emission could be switched to a stable dark pulse emission state, as shown in Fig. 8(b) . The dark pulse had broad pulse width and repeated with the cavity repetition rate. Detailed experimental studies have shown that the broad dark pulse is actually a bunching of many dark solitons formed in the fiber laser [53] , [54] . Under strong pumping many dark pulses were simultaneously formed in the cavity. Under effect of the reverse saturable absorber the dark solitons have the tendency of bunching together. Consequently they form a giant dark pulse in the cavity and move with the cavity repetition rate as shown. The dark soliton feature of the pulses is also characterized by the soliton sidebands formation on their optical spectra, as shown in Fig. 8(d) . It was a result of the constructive interference between dark solitons and dispersive waves when they co-propagate inside the laser cavity [55] . The experimental observation well confirms the numerical simulations.
Conclusion
It was experimentally shown that apart from the bright dissipative soliton emission, a normal dispersion cavity fiber laser can also emit black solitons. Based on numerical simulations we found that the black soliton formation in the fiber laser is a result of the artificial anti-saturable absorber formed in the cavity. By changing the LCPDB the formed artificial saturable absorber could be changed to an anti-saturable absorber, which leads to that the fiber laser emission switches from a dissipative bright soliton emission state to a dissipative dark solitons emission state.
The dark soliton formation is an intrinsic feature of the strong light propagation in the normal dispersion single mode fibers. Different from the bright soliton formation, the dark soliton formation is thresholdless [21] , [56] . Any intensity or phase noise could result in dark soliton formation. As a result of this thresholdless feature generally dark solitons with different darkness and pulse width would be formed. However, our numerical simulation shows that if there is an anti-saturable absorber in the system, under effect of the anti-saturable absorber only the black solitons are stable. Moreover, the effect of an anti-saturable absorber on the dark pulses is similar to that of a saturable absorber on the bright pulses. It generates a kind of attraction force between the dark pulses. Therefore, the dark solitons formed in a NPR configuration fiber laser always bunch together, forming a giant dark pulse. On the other hand, a dissipative dark soliton is unstable under existence of a saturable absorber in the system. A saturable absorber could cause mode locking of a laser. This was why under effect of an artificial saturable absorber dissipative bright solitons were formed in our fiber laser. Based on our numerical simulations we could now answer the questions raised in the introduction part. The dark soliton formation in a fiber laser actually requires no mode locking. In fact an anti-saturable absorber has no mode locking function. Its function is to select the black solitons and drive them together to form a giant black pulse.
